Introduction
Tissue repair process is a physiological response to injury, which usually results in total or partial restoration of tissue morphology and function. The healing process begins with coagulation and acute inflammation, which is essentially characterized by vasodilation and increased vascular permeability. These events are triggered by potent preformed chemical mediators in secretory granules such as histamine, which is a vasoactive amine released by mast cells 1 . Early in the acute phase of inflammation, a new microvasculature is reconstructed to restore the supply of nutrients for tissue formation, preventing hypoxia and characterizing the beginning of the proliferative phase 2 . The increased number of new blood vessels accelerates the development of inflammation, neoangiogenesis and promotes tissue remodeling. The non-occurrence of this important biological phenomenon will result in delayed wound healing and/or deficient biosynthesis of the elements that integrate the new extracellular matrix 2, 3 .
Vascular dynamics is a highly orchestrated process. Endothelial cells produce proteolytic enzymes responsible for basement membrane and extracellular matrix degradation. Consequently, cellular migration and formation of new vascular sprouts occurs. Neoangiogenesis establishes itself through the concomitant action of growth and inhibitory factors. Several complex signal transduction pathways are involved in the regulation of this process 4 .
In the later stages of tissue repair, formation of granulation tissue occurs and it becomes progressively less vascularized. This tissue, which may have initiated on the 3rd day following the establishment of the lesion, is a provisional one upon which the future extracellular matrix will be formed.
Gradual deposition of connective fibers and fibrous cicatricial tissue takes place and the reconstructed tissue gradually displays a higher degree of fiber compression, until it finally matures over time
.
The effects of angiogenesis and pro-angiogenic factors including the activity of the Vascular Endothelial Growth Factor (VEGF) in fibroplasia, extracellular matrix remodeling and the final phase of cicatricial tissue formation have been studied extensively. It seems that angiogenesis could extend to even longer periods in the tissue, even in the absence of clinical evidence of the initial injury6. Indeed, in an experimental study that evaluated the regression of granulomatous lesion performed by Andrade et al. 7 , it was demonstrated that vascular tissue remodeling is able to sustain itself for a relatively long period after the establishment of the lesion.
Low-level laser therapy (LLLT), phototherapy or photobiomodulation refers to the use of photons at a non-thermal irradiance to alter biological activity. LLLT uses either coherent light sources (lasers) or non-coherent light sources consisting of filtered lamps or light-emitting diodes (LED) or, on occasion, a combination of both in the range of 1mW -500mW) 8, 9 . It is used to promote tissue regeneration, reduce inflammation and relieve pain and it is also defined by several other parameters. The light is typically of narrow spectral width in the red or near infrared (NIR) spectrum (600nm -1000nm), with a power density (irradiance) between 1mw-5W/cm 2 and a dose (power irradiation time/area irradiated) of 10-2 to 102 J/cm 2 . It is typically applied to the injury for a minute or so, a few times a week for several weeks (Table 1) . Other significant parameters include a wavelength between 300 and 10,600 nm, a pulse rate of 0 (continuous) to 5,000 Hz, a pulse duration of 1 to 500 milliseconds, an interpulse interval of 1 to 500 milliseconds 10, 11 . Unlike other medical laser procedures, LLLT is not an ablative or thermal mechanism, but rather a photochemical effect comparable to photosynthesis in plants whereby the light is absorbed and exerts a chemical change. The same light source may have opposite effects on the same tissue depending on the parameters used and these conflicting views are probably due to the biphasic effects of light 10, 11 .
LLLT acts by inducing a photochemical reaction in the cell, a process referred to as biostimulation or photobiomodulation. Photobiology works on the principle that, when light hits certain molecules called chromophores, the photon energy causes electrons to be excited and jump from low-energy orbits to higher-energy orbits. In nature, this stored energy can be used by the system to perform various cellular tasks, such as photosynthesis and photomorphogenesis 12 .
Although there is a large collection of studies concerning the biological effects induced by lowlevel laser therapy in the early stages of tissue repair 13 , its effects on the extracellular matrix in the late stages of healing have not been widely explored in literature. The beneficial effects of low-level laser have a decisive impact on the primary changes observed in the injured tissue sample vasodilation, stimulating migration of inflammatory cells and increasing lymphatic drainage 14, 15 . In respect of the proliferative processes, some authors have reported a significant increase in neoangiogenesis, fibroblast proliferation and collagen biosynthesis 16, 17 . However, till now, it is not known for how long the primary beneficial actions described, taking into consideration the cicatricial period of a specific tissue, would extend. Although the answer to this question can vary according to the specific tissue, this aspect should be further evaluated by conducting additional clinical trials and experimental studies.
In the face of the evidence reported in literature, which highlights the importance of neoangiogenesis for tissue remodeling and the participation of the laser in this process, the aim of this current paper is to review the effects of low-level laser therapy on neoangiogenesis and fibroplasia as well as describe how these processes are carried out on damaged tissue.
Literature review Laser therapy and tissue repair
Tissue repair consists of four well-defined phases, which, in most cases, occur simultaneously: homeostasis, exudative inflammatory and proliferative phases, and tissue remodeling 18 . Conventionally, the photobiological effects of laser radiation on tissue repair are classified into short and long-term effects. The short-term responses are those in which the effect can be observed a few seconds or minutes after irradiation. Observed effects over the long-term are those that occur hours or even days after laser use and usually involve new cell biosynthesis. These effects are especially visible in the proliferative phase of repair 17 .
There are reports in the literature indicating that low-level laser therapy, when applied to skin wounds, is capable of ameloriate inflammation, neoangiogenesis, and epithelial proliferation of fibroblasts, collagen synthesis and deposition, revascularization and wound contraction. In fact, the skin is an excellent tissue to study the effect of laser therapy healing on wound healing 3, [14] [15] [16] 19, 20 .
Low-level laser therapy accelerates repair because it provides edema reduction and a quick transition from polymorphonuclear inflammatory cell to the monomorphonuclear infiltrate, an increase in the synthesis of collagen fibers and an increase in the organizational pattern of fibrillar components of the extracellular matrix 14 . Lima and colleagues 19 used 36 Wistar male rats randomly divided in two groups, euthanised at 1, 6 and 12 h after cutaneous surgery in their study. They demonstrated that a 670 nm gallium aluminum and arsenide (GaAlAs) lowlevel laser modulated inflammation by inhibiting proinflammatory cytokines IL-1β and IL-6 expression, in periods of 6 to 12 hours after skin injury.
Also, Pereira et al. 3 investigated the influence of LLLT (GaAlAs 670 nm) on mast cells and vascular response to standardized skin wounds in Wistar rats. Their findings corroborate those of Reis et al.
.
They used thirty-two rats submitted to a wound inflicted with a 6-mm-diameter punch. The animals were divided into four groups: sham treated, those treated with the GaAlAs laser (670 nm), those treated with dexamethasone (2 mg/kg), and those treated with both, LLLT and dexamethasone. After 3 and 5 days, the cutaneous wounds were assessed by histopathology. The authors showed significant reduction of edema three days after performing the skin wound in the group treated with laser (compared to the control group). A greater number of degranulated and intact mast cells in the laser group was observed within the first 3 days of the healing process. The authors also found differences in the inflammatory response of the group subjected to laser irradiation. High numbers of polymorphonuclear cells in the early hours of the experiment, followed by the decreasing of this cell infiltrate in the third postoperative day were described.
In 2010, Medrado and colleagues 16 investigated the effects of laser therapy (λ 670 nm) on pluripotent cells (pericytes) and their role in cutaneous tissue repair in an experimental rat model, over periods of 3, 7, 10 and 14 days post-surgery. The authors demonstrated the influence of laser use on cell proliferation and phenotypic modulation of pericytes into myofibroblasts until the 14th day after performing skin injury.
Rambo et al. 20 evaluated and compared the effect of LLLT in cutaneous wound healing in young and aged rats. A total of 60 male rats comprising ±30 days (young) and 30 aged ±500 days (aged) was used. The animals were divided into experimental groups and underwent skin wound and/or treatment with LLLT (660 nm). Analyses were conducted to verify the effects of LLLT in the tissue repair process after 3, 7 and 14 days following experimental skin wound surgical procedure. Gene expression, and protein expression of TNF-α, IL-1β, and IL-10, obtained in skin wound model were also analyzed. Results showed that there were significant differences between the young control group and the aged control group and their respective treated groups (LLLT young and LLLT aged). Their histological analysis suggested that there were early inflammatory cells, infiltration in laser and control groups of young rats and delayed skin wound healing in laser and control groups of aged rats. Laser also increased the expression of an anti-inflammatory cytokine, IL-10 at days 3, 7 and 14 of wound healing in both treated groups. However, contrary to these authors, Lima et al. 19 found a reduction of pro-inflammatory cytokines (IL-1β and IL-6) and anti-inflammatory cytokine IL-10 in a group of young rats treated with low-level laser between 6 and 12 hours after the skin wound had been applied. The authors discussed that although it would be expected a significant increase in IL-10 expression, it not happened under LLLT. They hypothesized that molecular pathways that evoke IL-10 production by macrophages are poorly understood and have not been completely elucidated. Furthermore, they suggested that the release of pro-inflammatory cytokines at the onset of wound healing may prevent the release of other inhibitory chemical mediators such as IL-10.
Variables of LLLT and its action in the repair
Correct laser wavelength, dosimetry, irradiance and fluence for each clinical condition are parameters of great significance. Depending on the fluence applied to the tissue surface, for example, different tissue responses can be observed during wound healing 21 . Wavelengths between 632.8 nm and 1000 nm, have been described as those which present more satisfactory results. Demidova-Rice et al. 22 in an experimental study on mice, compared different wavelengths (635, 670, 720 and 820nm) and fluences (1, 2, 10, and 50 J/cm²). A full thickness dorsal excisional wound in mice was performed and treated with a single exposure to light of various wavelengths and fluences 30 minutes after wounding. They found that groups irradiated with 820nm wavelength achieved an improvement in wound healing. The authors observed that animals irradiated with 50 J/cm² showed a greater expansion of the wound during the first few days and only after 7 to 8 days it returned to its original size. The authors reported that doses of 2 and 10 J/ cm² showed the greatest benefit of laser therapy in healing, and of these, the dose of 2 J/cm² exhibited superior results.
Laser action on angiogenesis
Angiogenesis is a complex biological process that depends on the balance of pro and anti-angiogenic factors that influence the proliferative state of the endothelium in a wide variety of diseases. In recent years we have witnessed a positive influence of LLLT in the proliferation of endothelial cells during neoangiogenesis 15, 23 .
In 1990, Maier et al. 24 observed the emergence and growth of new larger diameter blood vessels in animals irradiated with low-level laser. Comparing the two groups, the authors found statistically significant differences in irradiated animals compared to the control group, because in the LLLT treated group there was a higher number of newly formed vessels.
Colombo et al. 15 , aimed to evaluate arsenide gallium and aluminum laser (λ660nm) effects on the maturation of granulation tissue, focusing on neoangiogenesis, in TGF-β expression and biosynthesis of collagen matrix in rodent tissues.
Twenty-four young adult male Wistar rats were randomly distributed in two groups: control and treated with laser. Each group was subdivided into three subgroups according to the animal death timing (2, 4 and 6 days). The authors concluded that LLLT positively influenced the expression of TGF-β, corroborating the findings of other authors who also found evidence of increased angiogenesis as a result of laser therapy.
In 2015, Halon and colleagues 23 aimed to evaluate the rate of neoangiogenesis in wound healing after tooth extraction in HIV positive patients submitted or not submitted to photobiomodulation with a diode laser (820 nm). Twenty-seven patients with confirmed HIV infection were enrolled in the study (6 women, 21 men). Eighty-nine teeth were extracted, 45 sockets were exposed to laser radiation, for five consecutive days following tooth extraction, and the remaining extraction wounds were left to heal spontaneously without laser irradiation. Antigen CD34 was assessed by immunohistochemistry as a marker of angiogenesis, and its expression was examined by computer-assisted histomorphometric image analysis. The authors found a statistically significant difference between laser and control groups in humans infected with HIV. The number of new vessels found in the group of irradiated individuals after six days of surgery, was considerably higher than in the control group. The authors concluded that CD4 + cell number did not influence the process of neoangiogenesis or the effect of laser radiation. VEGF has been described as an inducer of angiogenesis. The molecular mechanism underlying the stimulation remains unknown, although VEGF can directly stimulate both cells -endothelial cells and fibroblasts 6, 25 . In an experiment involving cell signaling, Feng et al. 25 demonstrated that the proangiogenic factor VEGF was a potent stimulator of vascularization and that LLLT induced the production of VEGF and subsequently neovascularization. However, some authors have suggested that the effect of LLLT on angiogenesis may depend on the laser light wavelength 26 .
In 2006, Tuby et al. 27 demonstrated stimulation of angiogenesis by VEGF and upregulation of nitric oxide synthesis after using laser light with a wavelength of λ804 nm. In another experimental study in rats, Pereira et al. 3 corroborates these findings. Surgical procedures were performed on 60 rats divided into sham and laser (670 nm) groups histological specimens of the laser-treated group presented more extensive areas stained positively with the anti-VEGF antibody 6 to 24 hours after LLLT, compared with the non-irradiated group. However, the authors also reported a reduction in the number of vessels after the first 24 hours of the application of the laser on the skin wound 3 .
Neoangiogenesis and remodeling under laser action
It is known that LLLT influences the inflammatory response in the first few days following injury, with an increase in the number of polymorphonuclear neutrophils and mast cells, vasodilation, and increased number of blood vessels, thus accelerating the inflammatory process and resulting in faster wound healing 3 . However, little has been studied in relation to low-level laser action in the later stages of healing. It is known that increased collagen production occurs through photostimulation mechanisms. Certain frequencies and doses can also modulate cellular proliferation and increase the amount of fibroblast growth factors 17 .
In 2008, Medrado et al. 17 published the results of an experimental study with using the classic model of cutaneous wound healing in rats, which evaluated the photobiomodulated repair process for a period of up to 60 days after performing a standardized skin wound. They showed the biomodulation action of gallium arsenide and aluminum laser (λ670nm) on collagen synthesis during different periods of the repair. LLLT produces a better organization of collagen fibers, an important occurrence that assists in generating adequate tensile strength for the new tissue ( Figure 1) . As a consequence, these authors suggested that this therapeutic modality could efficiently interact with elements of the extracellular matrix ( Figure 2 ). In another study by Mackey et al. 28 , a close association was demonstrated between increased collagen synthesis and regeneration processes that occur in human skeletal muscle after injury.
Baptista et al. 5 investigated the effects of GaAlAs (660 nm) laser on collagen type IV in the remodeling process of 45 adult male Wister rats randomly divided into three groups: control (n=5); nontreated cryolesioned group (n=20), and LLLT-ryolesioned group (n=20). Laser irradiation was performed 3 times per week on the injured region. Between 14 and 21 days, the authors observed no significant changes in the type IV collagen distribution pattern between the laser and control groups. However, on the 7th day after the injury, increased immunostaining for collagen type IV was observed in the laser group, when compared to the control and this difference was statistically significant.
Clinical use of LLLT
Low level laser treatment has increased in popularity and is more frequently used as an adjuvant in the treatment in a various conditions, specially in dentistry 29 .
For instance, the successful placement and integration of the dental implants in the previously grafted extraction sockets require adequate time for the healing and sufficient regeneration of the bone 29 .
On their study, Monea et al. 29 , aimed to determine whether LLLT could decrease the time between extraction/socket graft and implant placement, by evaluating histological changes in sockets grafted with a particulate allograft material and treated with LLLT. The authors found that histological results of the site treated with LLLT for 21 days, harvested at 60 days after grafting showed abundant new bone formation without any sign of inflammation. The same results were obtained in the control group not before 120 days post-surgery. So, they assumed that LLLT photobiomodulation can reduce the healing time after grafting the extraction socket. Histological evidence suggests that new bone formation in the sockets appeared within 60 days after LLLT treatment compared to a minimum of 120 days in the control group.
Bisphosphonates are potent inhibitors of osteoclast activity and are used in patients with bone metastases due to malignant diseases or osteoporosis 27 . Walter et al. 30 evaluated the influence of LLLT effect on bisphosphonate incubated cells, involved in wound healing. They performed an in vitro study to investigate the effect of low level laser (670 nm) treatment on kera¬tinocytes, fibroblasts, endothelial cells and osteoblasts treated with clodronate, ibandronate, pamidronate or zoledronate was evaluated. Results showed significant differences of each cell type for each bisphosphonate tested, among the control and experimental groups. It may support the idea of low level laser therapy as a supportive therapy in patients receiving bisphosphonates to prevent and treat bisphospho¬nate associated osteonecrosis of the jaw.
Merigo et al. 31 studied fifty-nine patients, who undergo surgical removal of their lower third molars, who were randomly allocated to one of three groups: 17 patients LLLT with traditional drug treatment: 17 patients traditional drug treatment as control group; and 25 patients treated with LLLT only on one side and with traditional drug treatment. LLLT was performed just after the intervention and approximately 12 hours after surgery. They collected all the values of the edema measurements and the Visual Analogue Scale (VAS) reports and performed a statistical analysis. Significant result was obtained for VAS recorded at hospital discharge (p<0.0001). This study demonstrates that LLLT is effective on postoperative pain and edema accelerating healing time and reducing patient's distress.
One of the most common complications of diabetes is the diabetic foot, characterized by the infection, ulceration and/ or destruction of the deep tissues associated to neurological anomalies and in many degrees of the peripheral vascular disease in the lower limb 32 . The ulcer treatment in the diabetic foot requires a multidisciplinary approach, including revascularization and surgical procedures. Feitosa et al. 32 on their study evaluated the effects of LLLT applying laser on the tissue repair in ulcer carriers due to diabetes. Sixteen type II diabetic patients, ulcer carriers in the lower limbs, participated in the research from which eight were in the control group and eight were submitted to the low-level laser therapy (632.8 nm). They found a significant decrease in the size of the wound when compared to the control group (p<0.05). The pain was also reported as having an intense improvement in the treated group. Therefore they assumed that low level laser treatment seems to be an efficient method, viable, painless and of low costs concerning the tissue repair ulcers in a diabetic foot.
Final considerations
The low-level laser has proved to be capable of promoting the resolution of inflammation, neoangiogenesis, and epithelial proliferation. It also stimulates fibroblast proliferation, collagen synthesis and remodeling, revascularization and wound contraction. Although its effect on the processes that take place in the early stages of tissue repair have been well documented, further studies that consider its influence in the later stages of wound healing are needed.
